Abstract The Maliau Basin, located in one of the remaining pristine rainforest in Sabah, produces some of the most spectacular waterfalls in Malaysia. The seventier Maliau Falls has become one of the major attractions for visitors to the basin. However, other waterfalls within the basin are not well known to visitors and their development rarely publicised. This paper highlights the development of waterfalls in this extremely remote basin. At least 28 waterfalls showing heights of more than 5 m have been mapped in this basin. The high density of waterfalls in the basin can be attributed to the right combination of geology, geomorphology and climate. A waterfall development model is proposed to explain the occurrence of the waterfalls. The basin which is made up of gently dipping sedimentary rock comprising of repetitive resistant sandstone layers and soft mudstone layers produces multi-storey waterfalls. Numerous vertical fractures within the rock layers, which constitute lines of geological weakness, assist river downcutting and the formation of narrow valley, ideal for waterfalls to form. The saucer-like shape of the basin is ideal for collecting rainwater to feed the waterfalls.
Introduction
Waterfalls are naturally beautiful, and people are drawn to them for various reasons, such as recreation, education or health benefits. Thus, waterfalls are an extremely important geological heritage to be conserved. Waterfalls are also one of the most easily identifiable geological sites for the promotion of geotourism activities. The existence of waterfalls depends heavily on a combination of climate and geology and to a lesser degree on the disruption of water flow by humans. Thus, waterfalls come in an endless variety of shapes, sizes and characteristics. In Malaysia, while most waterfalls have been documented in terms of their location and morphological characteristics, not much has been published in terms of their geological development, an important element which can add value to their natural beauty and uniqueness for geotourism development.
In Sabah, in Malaysian Borneo, spectacular waterfalls, such as the seven-tier Maliau Falls found in Maliau Basin, has been recognised as potential geotourism sites (Tongkul 2005) . During a study carried out from 2000 to 2001, a total of 28 waterfalls showing heights of more than 5 m tall were recorded inside the Maliau Basin (Tongkul 2002) . The numerous waterfalls found inside the Maliau Basin offer some of the best sites for studying the geological development of waterfalls. This paper describes the characteristics of these waterfalls and geological features that controlled their development.
Geographic Setting
Maliau Basin is one of a series of saucer-shaped basins found in Central and Southeast Sabah (Fig. 1) . The Maliau Basin is named for its most prominent featurean almost circular basin with a diameter of about 25 km (Fig. 2) . This spectacular geomorphic feature encloses 390 km 2 of entirely pristine rainforest. The Maliau
Basin's spectacular crater-like landform is bounded by formidable escarpments that are near vertical in places, reaching a height of over 1675 m ASL and a depth of close to 1 km from the highest ridge to the lowest point of the basin. The basin's interior is accessible only by foot across the cliffs and through the rugged Maliau Gorge in the southeast. A virtually self-contained ecosystem, Maliau Basin is not known to have been permanently inhabited and large areas remain unexplored. For this reason, Maliau Basin is popularly known as 'Sabah's Lost World' (Phillipps 2002) . The Maliau Basin has a typical equatorial climate, with constant high temperatures and humidity, and frequent thunderstorms. Due to its unique and pristine wilderness, 
Drainage System and Occurrence of Waterfalls
The Maliau Basin acts as a single huge water catchment, drained by one river, the Maliau River, which flows through the Maliau Gorge, joining the Kuamut River and eventually the Kinabatangan River, Sabah's largest and most important The types of waterfalls are categorised based on their shape or geometry. Plunge: water descends vertically, losing contact with the bedrock surface, horsetail: descending water maintains some contact with bedrock, cataract: a large, powerful waterfall, multi-step: a series of waterfalls one after another of roughly the same size each with its own sunken plunge pool, block: water descends from a relatively wide stream or river, cascade: water descends a series of rock steps, segmented distinctly separate flows of water form as it descends, tiered water drops in a series of distinct steps or falls, ribbon water drops vertically from a narrow stream waterway (Fig. 3) . The surface of the basin is slightly tilted to the southeast, and this tilting controls the flow direction of the river. The basin is carved by a set of radiating tributaries of Maliau River, leaving behind erosional ridges and peneplains (see also Fig. 2-top) . Waterfalls of various sizes and shapes occur along the main Maliau River and along its numerous tributaries. The number of waterfalls, especially along the Maliau River tributaries, are too numerous to count, so only those that are tall and visibly impressive have been mapped. A total of 28 waterfalls were recorded during a study carried out at selected tributaries in 2000-2001 (see Fig. 3 and Table 1 ). It is very likely that more waterfalls are waiting to be discovered in other tributaries. The types of waterfalls recorded based on geometry or shape includes plunge, horsetail, multi-steps, tiered, block, cascade, segmented, ribbon and cataract (Fig. 4a, b) . Some of the spectacular waterfalls occur along the main Maliau River, including the iconic Maliau Falls spanning 200 m across and a 
Regional Geologic Setting
The Maliau Basin forms part of the semi-circular and ellipsoid basins in Southeast Sabah (Fig. 6) . The semi-circular basins are depositional sites of ancient sedimentary rocks controlled by deep-seated geological structures (Tongkul and Chang 2003; Ballaguru et al. 2003; Tjia et al. 1990; Collenette 1965) . The sediments were deposited in a coastal environment during the early Miocene and subjected to tectonic deformation during the Mid and Late Miocene. The Neogene sediments sit unconformably on Neogene mélange deposits (Kuamut and Ayer Formations) and folded Paleogene sediments (Labang, Kulapis and Sapulut Formations). The Paleogene sediments, in turn, sit unconformably on Mesozoic basement rocks, comprising mostly ophiolitic rocks (basalts, serpentinite, cherts, shales). Quaternary igneous rocks, mostly volcanics, occur towards the southeast near Tawau.
The gently dipping Neogene sediments comprised of two major sedimentary sequences separated by a major erosional contact (see geological cross section in Fig. 6 ), an older sequence of late Lower Miocene (16-19 Ma), represented by Tanjong and Kalabakan Formations, and a younger sequence of Middle-Upper Miocene (9-15 Ma), represented by Kapilit Formation.
Two prominent sets of faults trending NE-SW and NW-SE occur in Southeast Sabah. The two sets of faults are closely associated with all the rock units here. Within the vicinity of the Maliau Basin area, two prominent NE-SW trending strike-slip faults: the Pinangah Fault (no. 1) and Lonod Fault (no. 3) occur. Similarly, two prominent NW-SE trending thrust faults: the Inarad Fault (no. 5) and Sinoa Fault (no. 6) occur.
Geology of the Maliau Basin Stratigraphy
The Maliau Basin is made up of sedimentary rock unit of the Kapilit Formation which was deposited in a deltaic-coastal environment about 10-15 million years ago (Tongkul and Chang 2003) . The Kapilit Formation overlies the Tanjong Formation (also a sedimentary rock unit) with a slight angular unconformity (Fig. 7) .
The Kapilit Formation which is about 7500 m thick can be divided into three informal stratigraphical units- (Fig. 8) . The Sandstone Facies consists of thick amalgamated and cross-bedded sandstone layers (80 %) and mudstone layers (20 %). This facies makes up most of the Middle Sandy Unit and a third of the Upper Mixed Sandy and Muddy Unit (see Fig. 7 ). The Sandstone and Mudstone Facies consists of approximately equal amount of sandstone (50 %) and mudstone layers (50 %) with variable thickness. The sandstone layers are cross-bedded and ripple marked, and some sandstone layers contain gastropods. The intervening mudstone layers are bioturbated with vertical burrows. This facies makes up about a third of the Upper Mixed Sandy and Muddy Unit. The Mudstone with Thin Sandstone Facies consists of grey mudstone (80 %) interbedded with thin fine-grained sandstone (20 %). This facies also makes up about a third of the Upper Mixed Sandy and Muddy Unit. The Mudstone Facies consists mostly of mudstone (95 %) with rare very thin sandstone (5 %) layers. This facies dominates the Lower Muddy Unit. The distribution of the four lithofacies is shown in the geological map (Fig. 9) . The Sandstone Facies mostly occur along the rim of the basin whereas a mixture of the other three facies occurs towards the centre of the basin.
Structural Features
The Maliau Basin experienced slight NE-SW compression (Tongkul and Chang 2003) . The orientation of the Kapilit sedimentary layers generally follows the semicircular shape of the Maliau Basin (see Fig. 9 ). The dip of bedding varies slightly inside the basin, but overall quite gentle. In fact, the gentle sloping landscape inside the basin (see Fig. 2 ) follows closely the orientation of the underlying sedimentary layers. At the rim of the basin, the bedding dips between 15°and 25°. Towards the centre of the basin, the bedding dips gently between 3°and 10°.
Sub-vertical to vertical fractures of various scales (some reaching tens of meters long) are commonly seen on the Kapilit sedimentary layers. The fractures, which usually occurs perpendicular and parallel to the strike of bedding, show various orientations. These fractures are usually oriented either parallel or vertical to direction of river flow (Fig. 10) . Measurements of fracture plane orientations inside the Maliau 
Waterfall Development Model
This study has mapped 28 significant waterfalls within an area of 150 km 2 . This number could be much higher if all the river tributaries were traversed. In fact, in one area, near the Camel Trophy Camp (CTC), eight waterfalls (nos. 1-8) were located in a very small area of about 3 km 2 . The high density of waterfalls in this particular area is quite remarkable and appears to be due to the favourable geology of this area. Results of detailed lithological and structural geology mapping in this area clearly shows that the occurrence of streams and waterfalls are closely related to the presence of vertically fractured thick sandstone layers overlying mudstone layers (Figs. 12 and 13 ). In Fig. 12 , three prominent waterfalls: Giluk Fall, Ginoh Fall and Noh Fall occur where the vertical fractures oriented perpendicular to the river cuts through nearly horizontal sandy layers overlying a muddy layer. Similarly, the Fig. 13 is influenced by the vertical fractures on gentle dipping sandy layers overlying muddy layers. Based on these observations, a generalised model for the development waterfalls in the Maliau Basin is developed (Fig. 14) . The model illustrates the interaction between the gently dipping sedimentary layers (hard sandstone facies and soft mudstone facies) opposite the flow of the river and two sets of vertical fractures perpendicular to each other during a stream evolution. The model shows how headward river erosion along one of the vertical fractures (in this case NE-SW fracture) created benches and waterfalls on the gently dipping sandstone layers.
In the Maliau Basin, the saucer shape of the basin controls the volume and flow of the rivers towards the centre of the basin. Near the rim of the basin, where the surface slope is higher, the water moves very fast causing higher rate of river downcutting and headward erosion. The numerous NW-SE and NE-SW trending vertical fractures within the gently dipping sandstone and mudstone layers, which constitute lines of geological weakness, assist river downcutting and the formation of narrow valleys. Where the river has cut down on the hard sandstone layers and soft mudstone layers, selective weathering and transport on the valley sides produces structural benches or terraces with each hard stratum. As the river flows over these structural benches, waterfalls develop. The repetitive occurrence of resistant sandstone layers and weak mudstone layers produces multi-tier waterfalls such as those in Maliau Falls.
Concluding Remarks
The right combination of geology (gently dipping and vertically fractured hard sandstone and soft mudstones), geomorphology (forest-covered saucer-shaped basin) and climate (high rainfall throughout the year) produced the numerous waterfalls in Maliau Basin. While each of the waterfalls has their own characteristics, in terms of height, width, shape and volume of water, their development appears to be quite similar. The waterfall development model shown here could be utilised to highlight the intrinsic value of waterfalls and to enhance visitors' experience to the Maliau Basin Conservation Area, Sabah's geoheritage.
